Heating of a single-electron transistor (SET) caused by the current flowing through it is considered. The current and the temperature increase should be calculated self-consistently taking into account various paths of the heat drain. Even if there is no heat drain from the central electrode of the SET due to transfer of phonons, the temperature of this electrode remains finite because electron tunneling decreases the temperature difference between the central and outer electrodes. Overheating effects can cause hysteresis in the Z-V curve of the SET in the vicinity of the Coulomb blockade threshold.
I. INTRODUCTION
It is well known now that the charge of even one electron can significantly affect the behavior of submicron tunnel structures. '-3 These single-electron effects appear to be the physical basis of a new branch of nanoellctronic devices.
During the last years much attention was focused on the simplest of such devices, the so-called single-electron transistor (SET).4-'o It consists of two small-capacitance tunnel junctions in series (Fig. 1) . The subelectron charge q. induced on the central electrode of the SET controls the current through this device. There are three main ways that this double-junction structure is experimentally realized.3 It. can be made using thin metal films, semiconductor heterostruo tures, or scanning tunneling microscope @TM).
The basis of the theoretical consideration of the SET is given by the relatively simple "orthodox" theory, ' which is in surprisingly good agreement with most of the experimental results. Some other theories improve the orthodox theory, taking into account various effects, for example, cotunneling processes,11T12 the influence of the electromagnetic environment,13 and the discreteness of the electron spectrum. '4*'5 One of the assumptions of the orthodox theory is that the energy relaxation of the tunneling electrons is fast enough so that one can use the Fermi distribution for the electrons: The corresponding temperature is assumed to be constant and equal to the temperature of the substrate.
However, these assumptions can be inapplicable to real experiments because the rates of electron-electron and electron-phonon interactions are very small at low temperatures.
The opposite limiting case of negligible energy ielaxation in the central electrode of the SET was considered in Ref. 14. If the relaxation time is larger than the average time the tunneling electron spends on the central electrode, then the electron energy distribution function in this electrode is ') determined only by the kinetics of the tunneling. It was shown in Ref.
14 that in this case (extreme overheating) the Coulomb staircase of the Z-V curve is partially suppressed; however, for typical values of experimental parameters this effect is small. Between the orthodox theory and the model of Ref. 14 there is the case in which the energy relaxation due to electron-electron and electron-phonon interactions is fast enough to produce a Fermi distribution; however; the corresponding electron temperature differs from that of the substrate and should be calculated self-consistently, It was found that this case is realized in experiments. '6.'7 The detailed investigation of overheating was carried out recently in Ref. 17 for the thin-film SET. It was found that the electron temperature of the middle electrode (island) differs from that of the outer electrodes and substrate. The bottleneck for heat drain from the island was taken to be the heat transfer from the electron gas to the phonons in the middle electrode.
In the present article we consider overheating effects in various types of the SET (the metal films case, the semiconductor case, and the STM case). Several models of heat drain are discussed. In particular, we consider the case when the heat drain from the central electrode due to phonon flow is negligible; then the energy is transferred from the hot central electrode to the cold outer electrodes only by the tunneling electrons.
We present some analytical and numerical results for the I-V curve and T(V) depende;ce. The important consequence of overheating is the possibility of hysteresis in the dc I-V curve.
The article is organized as follows. In the following section the basic equations for the modification of the orthodox theory which takes into account overheating of the SET are presented. The various models for heat drain are discussed in the Sec. III. The analytical and numerical results for the I-V curve and the temperature-voltage dependence are presented in Sets. IV and V. We consider the case of negligible heat transfer between the central electrode and the substrate in Following Refs. 10 and 18 let us use the WKB approximation for the tunneling matrix element, Sec. IV and the model of considerable heat dram in Sec. V. We discuss in detail the hysteresis caused by the overheating effects.
II. BASIC EQUATIONS
Before consideration of the double-junction system, let us discuss the simpler case of a single junction biased by a voltage V (this voltage can be either positive or negative). The rate r of electron tunneling in the positive direction (from the first electrode to the second one) can be calculated using the golden rule
where indices (J 1 and 2 correspond to the electrodes, T eleZ is the tunneling matrix element, pi are the densities of electron states in the electrodes, ni(ei) are the electron distribution functions, and W=eV is the energy gain due to the tunneling event.
We consider the case when the energy relaxation in the electrodes is fast enough to produce the Fermi distribution
however, the corresponding electron temperatures T, and T, may be different. Note that the energies el, ez are measured from the Fermi levels of the electrodes.
Assuming that the densities of states and the matrix element are independent of the anergy (this approximation is usual for metal junctions), one obtains
I where R is the tunnel resistance of the junction, and e is the electron charge. This expression can be simplified in some special cases, for example, if T,=T, or TIT,= 0. The rate given by Eq. (2) 
and R is the low voltage resistance at zero temperature.
The tunneling through the junction causes heat generation (or absorption) in the electrodes. Let us consider a process consisting of two steps: the tunneling conserving total energy and then the relaxation of the electron and the "hole" created in the electrodes. If the tunneling electron brings some energy l z to the second electrode, then after energy relaxation CZ~ transforms into heat. Similarly, if the electron having energy or leaves the electrode, an amount of heat --el is produced in it. Hence, the powers PI ,P2 of heat generation in the electrodes are 
where I+ = er is the part of the current flowing in the positive direction. A further simplification assuming a constant matrix element (r+=f=O), gives
If the temperatures are also equal, T, = T2 = T, then the total heat generated in the junction is evenly divided between two electrodes,
When the temperatures of the electrodes are different, the corresponding heating powers are different. Moreover, heat can be generated in one electrode and absorbed in the other one. The reason is that in accordance with general principles of thermodynamics the tunneling of electrons provides a heat flow from the hot side to the cold one. If the temperature difference is large enough, the hot electrode will be cooled by tunneling. This effect is illustrated in Fig. 2 for the simplest case of constant matrix element [see Eq. (S)]. The curves separate regions of heating and cooling of the first electrode. Curve 1 corresponds to the heating or cooling due to tunneling only from the first electrode to the second one, curve 2 corresponds to tunneling in the opposite direction, and curve 3 takes both processes into account. Now let us consider single-electron transport in a system of two tunnel junctions in series (Fig. l) , and extend the previous consideration to this case. The orthodox theo$ enables us to calculate all characteristics of the double junction system if one knows the rates I'fa(n) of tunneling through the first and second junctions leading to an increase (+) or decrease (-) in the number n of excess electrons on the central electrode. In particular, the stationary probability distribution of the different charge states u(n) obeys the equation'
2 cT(n)=l, n and the average current through the system can be calculated as
The only modification of the orthodox theory needed is the use of Eqs. (i), (2), (4) for calculation of I?t2(n) and self-consistent calculation of temperatures. Let T, , T, , 'T, be the electron temperatures of the outer electrodes and the middle electrode (we assume that the parts of the middle electrode adjacent to different junctions have equal temperatures). Then [see Eqs. (2) and (4)]
where the energy gain W,&(n) for the tunnel event is the decrease in the Gibbs energy of the whole system,'
Here R1,2 and C, a , are the tunnel resistances and capacitances of two tunnel junctions, Cx = C, f Ca, q. is the background charge of the central electrode, and V is the total voltage ( Fig. 1) .
The temperatures T, , T,, T,,, should be calculated selfconsistently to ensure the balance in each electrode between the heat generated by tunneling and the heat drain P,,t by thermoconductivity, energy exchange between electrons and phonons, etc., c dn){f'~W:in),T~ ,T, 811 n +PdW;(n),T,n ,TI ,RJ)=R,ut,1,
Equations (lo)- (14) and the equations for heat drain Pout form a complete set for the calculation of overheating of the SET. In contrast to equations above (which accurately describe heat generation in a SET), we can use only rough estimates of Potit because of the lack of detailed experimental research in the interesting range of parameters. We consider several models for heat drain in the following section.
At the end of this section let us consider briefly heat generation in the case when the voltage is smaller than the blockade threshold, and the current is caused by cotunneling processes t1 only (this case is not a subject for the present article; however, it is important for experiments). In "elastic" cotunneling, '" only the outer electrodes are heated because the electron distribution in the middle one is not affected by the tunneling event. The expressions for heat generation in the outer electrodes are similar to Eqs. (5) and (8) for a single junction if one uses the effective matrix element and the effective resistance R,,=VII.
In the case of "inelastic" cotunneling'" one electron-hole pair appears in the middle electrode after each tunneling event. Following Ref. 12, one can calculate the corresponding heating power,
where the energies of the *intermediate (virtual) states are ,5,=--W:(O),
The heat generation in the first and second outer electrodes is given by similar expressions with the substitution of (9-5) with --et and Q, respectively.
Ill. MODELS FOR HEAT DRAIN
For a crude estimate of overheating in the different types of SETS, let us first estimate the total heating power P =I V. Considering a SET made of thin metal films, assume that the voltage is on the order of the blockade threshold voltage \rl--l mV, and that the current is about VJRx, where Rx-10' a. Then the heating power is on the order of 10-r' W. The use of voltages in the vicinity of the blockade threshold and the use of larger resistances or capacitances decrease this estimate; however, the heating power is usually not less than 10-'4-10-'3 W.
The semiconductor SET (in which electrons tunnel through a small island of a 2D electron gas) usually has capacitances and resistances on the same order as in the metallic case. Hence, heat up to lO-'l W can be generated in these experiments; however, bias voltages much smaller than the maximum blockade threshold are usually used. Let us take V=3 pV, then for an "open" SET (peak of the conductance) the heating power is about lo-i6 W.
The double-junction system in STM experiments can have a threshold voltage as high as 10-100 mV So, if the resistance of this system is on the order of lo6 a, the heating power is lo-"-lo-* W. Although this value is much larger than in the previous cases, one should note that the substrate temperatures are usually much higher in the STM case.
The heat generated in the SET causes an increase in the electron temperature of the electrodes: In order to relate this increase to the heating powers in the electrodes, and to obtain the expressions for the right-hand side of Eqs. (14), one should consider the heat drain from the electrodes.
The estimates above show that the heat generated in one or several SETS cannot increase the temperature of the whole substrate considerably, even if the experiment is carried out in a dilution refrigerator (this effect would be important only on large integration levels). Hence, the substrate temperature To far from the SET region is constant.
For the thin metal films case, in the vicinity of the SET one should consider separately the temperature of the substrate, the lattice temperature of the electrodes, and the electron temperatures in the electrodes. It is necessary to take into account the following: electron thermal conductivity in the leads; heat exchange between electron gas and lattice in each electrode; the Kapitza resistance19,20 for heat flow between electrodes and substrate; the loss of the energy of the tunneling electron because of either electron-electron (e-e) or electron-phonon (e-ph) interactions; the escape of created phonons through thin tunnel barriers into metallic leads; heat spread in the substrate and leads.
According to the Wiedemann-Franz law, high electrical conductivity of metal wires causes high thermal conductivity. In Ref. 17 it was shown that the electron temperature of the outer electrodes is close to the refrigeration temperature To. This fact should be valid also for the STM realization of the SET because the outer electrodes are bulk and therefore have better thermal conductivity.
The heat flow from the middle electrode can be considered as a process consisting of several steps. If the incoming electrons and holes lose their energy mainly in e-e interactions, the first step is a thermalization of the electron gas. Then the energy is transferred from the electron gas to phonons. The created phonon can leave the middle electrode without any scattering or be involved in e-ph or ph-ph interactions. In the latter case the temperature of the Rhonon gas in the middle electrode is well defined. As a next step, phonons can either escape through tunnel barriers into metallic leads or cross the boundary between electrode and substrate and cause heat spread in the substrate.
If the incoming electrons and holes lose energy mainly in e-ph interactions, the first step mentioned above is absent. The increase in the electron temperature in this case is caused by secondary e-ph processes.
For a crude estimation of e-e and e-ph interaction rates, one can use expressions 21 T,.$+-&/21.EF, T& = og[( E --r5,)/2hkFc13 where wg is Debye frequency, c is the sound velocity, eF is the Fermi energy, and kF is the Fermi wave vector. Since the e-e interaction rate scales roughly as (E-I+)~ and the e-ph rate scales roughly as (E-eF)3 (there are of course, deviations from these dependencies in experiments), phonon emission should prevail at large electron and hole energies. In thin metal films it occurs for energies larger than approximately 4 KwO.4 rneVZ Hence, if the voltage across the SET is above several millivolts (this is sometimes true in the thin-film case and always true in the STM case), the e-ph interaction probably plays the dominant role in the energy relaxation.
Consider first this case and. assume that the electron temperature T, in the middle electrode is equal to the phonon temperature. If the thermoconductivity of the substrate is high, then the heat flow from the middle electrode to the substrate is restricted by the Kapitza resistance. 
where S is the thermal contact area between the middle electrode and the substrate, and the parameter rxki (ks is Boltzmann's constant) is on the order of 10' W/m2 K4.20Yw Note that there are deviations from this expression in experiments; however, it is quite sufficient for estimates. We should also take into account the heat drain through the thin tunnel barriers into the metallic leads. In the limit when the barriers are transparent to phonons, the heat drain satisfies again Eq. (16) with S being the area of tunnel contact andz4 ak;=n2/(120fi3)(l/c;+2/cf), which is about 500 W/m2 K4 for Al (cr and c, are velocities of sound).
Adding the two channels of heat drain, we can still use Eq. (16) by adding the corresponding terms aS. If the area of tunnel contacts is much less than the total middle electrode area, the correction due to the second channel is small. Now let us consider the case when the e-e interaction is stronger than the e-ph interaction. Then the temperature of the electron gas T, differs from the lattice temperature T,, of the middle electrode and the heat flow can be calculated asW6 P ..t,,,=Cn(T5,-T~h)=~S(T~~-T~), (17) where fi is the volume of the middle electrode and the constant k$ is about 0.2-2 nW/K' w3.17*25.26 The last part of Eq. (17) means that the Kapitza resistance also should be taken into account (we use the effective value for CUS as discussed above). If 
the electron and phonon temperatures practically coincide and Eq. (16) For numerical estimates let us take the parameters a=100W/m2K4,~=2nW/K5~m3,S=1X0.1 pm",fi=S X 0.05 pm, and To= 50 mK. Then the heating power which separates cases (16j and (19) is about lo-l1 W, and corresponds to overheating of about 1 K. Hence, Eq. (16) is appropriate only for very strong overheating. However, there is not much reason to discuss the distinction between models (16) and (19) because both models are crude approximations, and they show formal similarity.
Using the parameters above, one can conclude that overheating in thin-film SEls is considerable (T, -To> To) for a heat generation more than lo-l6 W, i.e., practically always. Now let us estimate overheating of the semiconductor SET. If the 2D electron gas has a resistance on the order of 10 WCI; then from the Wiedemann-Franz law the thermal conductivity at To=50 mK is about 10-r' W/K per square. Hence, overheating of the outer electrodes is negligible for a heat generation less than lo-r2 W, however, the electron temperature in the middle electrode (island of the 2D electron gas) can differ considerably from To. The problem of hot electrons in the 2D gas has been extensively investigated for the temperature range 2-20 K (see, for example, Refs. 27-29 and references therein). Extrapolating the experimental data of Refs. 27 and 28, one can conclude that a heating power of about lo-l8 -lo-r7 W per electron is sufficient to increase the electron temperature from the mK range up to 0.5 K. The same degree of overheating should appear in island containing lo'--lo3 electrons for heating power roughly on the order of lo-r5 W. If one is interested in the case when the temperature increases from To=50 mK to, say, To= 100 mK, one should reduce further the heating power probably by two orders of magnitude. Hence, even for bias voltages as small as 3 ,GV, overheating of the open SET is considerable. Note that the temperature of the island can exceed the bias voltage, T,>eV, in principle, T, can exceed eV by many times. In this case the heat transfer due to tunneling discussed in the following section is very important.
IV. COOLING DUE TO TUNNELING
Let us consider the situation when the temperatures of the outer electrodes are equal to the temperature of the substrate, Tl = T, = To, and only the central electrode is heated. In Sec. II we noted that the tunneling provides heat flow from the hot electrode to the cold one. The tunneling leads not only to heat generation in the central electrode, but also to heat flow from it. Of course, the distinction between these processes is rather arbitrary (although it has a clear physical meaning), and Eqs. (14) and (5)-(8) take both effects into account simultaneously.
In order to make clear the role of heat flow due to tunneling and to estimate the effectiveness of it, let us assume that there is no other process of heat drain from the middle electrode, i.e., Pout+ = 0 in Eq. (14~) (a similar assumption was used in Ref. 30 for a single junction). The temperature T,,, of the middle electrode and the current through the double junction system can be calculated using Eqs. (2), (6), (8), (lo)- (13), and (14~) (for simplicity we consider only the case of constant tunneling matrix element).
The numerical results for the dependence T,(V) are presented in Fig. 3(a) (solid line) for the symmetrical system RI-R,, C,=C;! at T,=O. When the voltage is less than some critical value V, , only the trivial solution T, = 0 exists and no current flows through the system. In the voltage region between V, and V,, formally two solutions exist: the trivial one and another solution with T,n # 0 corresponding to nonzero current through the system. One can show, however, that only the nontrivial solution is stable.
It is possible to carry out analytical calculations in the vicinity of V, because T, is small and only two charge states, say, n= 0 and n = -1 should be taken into account [this implies (C2-C1)Vc<2qo<e].
Using the lowtemperature approximation of Eqs. (2) and (10) 
The nontrivial solution (T,ZO) of this equation in the vicinity of V, is T,(V) =[l + (C,lC,)(R,/R,)"21 w (23) This dependence is shown in Fig. 3(a) by the dashed line.
If the temperature of the outer electrodes To is not strictly zero, the T,(V) dependence [the dotted line in Fig.  3(a) ] has no lower part between V, and V, because any small current heats the central electrode until the cooling due to tunneling becomes considerable. It is worth noting that the real bistability, leading to hysteresis, appears if the additional process of heat drain is taken into consideration (see following sectionj.
Thus, the main consequence of the model of negligible heat drain from the central electrode is a strong shift of the threshold voltage V,--+V, and a relatively high temperature of the central electrode. For example, in the case shown in Fig. 3(a) , we have T,,,CZle2=0.18 at V=V,.
Such overheating was never observed experimentally. This means that in this case the transfer of heat to the lattice plays the main role in the cooling of the central electrode. However, if the background charge q. is close to e/2 and V= V,<e/C, (this case is typical for semiconductor SET), then the heat balance provided by cooling due to tunneling only requires not very high overheating of the middle electrode [see Eq. (22) and Fig. 3(b) ]. In this case the cooling due to tunneling can be dominant in comparison to the weak heat transfer to the lattice at low temperature.
V. CONSIDERABLE HEAT DRAIN
Now let us calculate the I-V curves and the temperaturevoltage dependencies for the two models of heat drain discussed in Sec. III.
First, let us assume that the electron gas in the outer electrodes has fixed temperature T,=T*=T,, and the main factor determining the electron temperature in the central electrode is the Kapitza resistance for heat flow from the central electrode to the substrate. Then P,,t,m in Eq. (14~) is determined by Eq. (16).
It is convenient to characterize the scale of overheating by a dimensionless parameter y= T&Z/e", where T,, is the electron temperature of the middle electrode if the power (e/Cx)2/R, is dissipated in it and the substrate temperature is assumed to be zero. From Eq. (16) y= [C&h!x~)]"4.
Taking, for example, typical parametersoftheSTMSETC~=10-'7F,S=(100~)2,Rg=107 a, and k&~= 100 W/m2 K4, one obtains y=O.O4. It is obvious that the overheating is considerable if To4 ye'/Cs , i.e., To47 K in this case.
Results of the numerical calculations of the I-V curve are presented in Fig. 4 for the case C, = C2, R,= 1 OR,, qo=O.le, ToCx/e2=0.005,  and three values of y: y=O, 0.025, 0.05. Overheating causes additional rounding of the features of the Coulomb staircase. This rounding becomes stronger when the voltage increases. -The influence of overheating in the vicinity of the Coulomb blockade threshold leads also to significant deviations from the I-V curve given by the orthodox theory (Fig. 4) . Moreover, at small temperatures To hysteresis in the I-V curve is possible in this region.
The origin-of the hysteresis is quite clear. Suppose that the temperatures of all electrodes of the SET are small and the voltage V is slightly below the Coulomb blockade threshold V, . Then no current flows and no heat is produced. Now suppose that the temperature increases, then current appears and produces heat. The amount of heat production can be enough to maintain the increased temperature.
The hysteretic dependencies T,(V) and I(V) for To= 0 near the blockade threshold are shown in Figs. 5 and 6. It is possible to carry out some analytical calculations for To = 0 and small 7.
Consider first the case T,,Je4 (V, and assume that the blockade threshold for the first junction is larger than that for the second junction. Then, using Eqs. 
@6)
It is easy to prove that the lower branch is unstable. Hence, only the upper branch and the trivial solution T, =0 are stable within the hysteresis range. The current in this approximation is given by the expression
which coincides well with numerical calculations only near the left-hand edge of the hysteresis region (Fig. 6 ).
In the close vicinity of V,, eIV--Vtl*Tm, 
They are represented by dashed lines in Figs. 5 and 6. The range of hysteresis is wider when the heat drain is weaker and consequently the parameter y is larger. The limit ~--+a corresponds to the case considered in the previous section. The hysteresis range is small for small 'y, A Va y4'3; however, it always exists for To = 0. The increase of the substrate temperature To decreases the hysteresis range (Fig. 7) , which eventually disappears. Now let us consider briefly the situation in which the resistance for heat flow from the electron gas to the phonon gas in the middle electrode of the SET is larger than the Kapitza resistance, and Eq. (19) is close to reality. The only difference from the previous case is the change from the fourth to fifth power of the temperature. It is obvious that qualitatively all results above remain valid. Moreover, in practice it is difficult to distinguish between these two situations. In Fig. 8 we show I(V) curves for T" and T5 models using the equal value of the dimensionless overheating pa- Estimating the parameter y in possible experiments with thin-film SETS, let us choose C~=10-'~ F, Rx=105 a, kiz=2 nW/K5 ,um3, R=O.l pm3. Then y=O.O4 and overheating should be considerable for T,,+Z ye2/Cx--0.7 K. Analytical expressions in the vicinity of Coulomb blockade can be derived in a way similar to the derivation Eqs. (25)- (31) and show similar form.
At the end of this section let us discuss the possibility of experimental observation of the hysteresis of the I-V curve. The observation is difficult because this effect is very weak. Using the T4 model for the STM case with parameters Cx=lO-I7 F, S=(lOO A)', RX=107 a, k&=100 W/m2 K4; one obtains from Figs. 6 and 7 that at To = 0 the hysteresis has a voltage width of about 0.5 mV and an amplitude of about 20 pA. The hysteresis completely disappears at temperatures higher than about 300 mK (see Fig. 7 ). However, even when there is no hysteresis, the I-V curve is strongly modified. In particular, one can see that the dashed Fig. 7 cannot be fitted by the exponential dependence which is the case in the theory. without overheating. Another effect which can destroy the hysteresis is cotunneling processes, not taken into account above. A rough estimate of its contribution to the current in the vicinity of the threshold voltage V, is*' V,RQIR1R2, where RQ= dzf2e". Since the cotunneling current also heats the middle electrode (see Sec. IIj, hysteresis can be observable only if the cotunneling current is much smaller than the amplitude of the jump in current due to the hysteresis. This would require resistances at least on the order of lo7 G or more for the case shown in Fig. 7 . The use of strongly different resistances RI&R, can help to solve this problem. If V, corresponds to the blockade threshold in the junction having the smaller resistance, then in the vicinity of V, the current calculated in the orthodox theory is insensitive to the value of the larger resistance. The cotunneling current, however, depends on both resistances, hence: its relative importance can be reduced by the use of considerably different resistances.
Vi. CONCLUSION
The effect of overheating is important for all types of single-electron transistors. The difference. in electron temperatures among electrodes requires some modification of the orthodox theory. The heat generated in the middle electrode depends on its temperature, and energy balance can be achieved even if the heat drain due to phonon processes is negligible (this effect is important for a SET operating at low bias voltage and at low temperature). The correct consideration of heat drain is difficult, in particular, because of the lack of detailed experimental data in the interesting range of dimensions and temperatures. We have considered two simple models which both show strong dependence (T" and T5) on the temperature. It leads to a considerable change in the temperature in the vicinity of the Coulomb blockade threshold and 'weak dependence at higher voltages. The interesting feature is the possibility of hysteresis.
Overheating seems to be an important problem in the applications of SETS, especially at temperatures below 0.1 K. A simple way to reduce the temperature of the central electrode is by increasing its area and thickness (this increases the heat flow from electron gas to phonons and reduces the Kapitza resistance). Obviously this will lead to performance improvement at least until the stray capacitance C, of the central electrode becomes comparable to the capacitances . . Cr,z of the tunnel lunctrons.
For a rough estimate of the optimal C, let us optimize the parameter Tm(Cl-tC,+ C,)/e' using Eq. (16) or Eq. (l!?), and assuming that the heat drain is proportional to C, (for example, we alter the length of the central electrode). This gives C,9 about one-half of C,,, in the case of strong overheating. We believe that the search for the optimal size of the central electrode is an important experimental problem. The shape of the middle electrode should also be subject to optimization. It is clear that thin narrow electrode geometry (which is used often in experiments) is not the best choice. Note that if overheating is considerable (T,JT,,>2) then T,,, depends weakly on the heat drain. Hence, a consid-erable change of parameters is .needed to achieve a noticeable gain.
Another important way to reduce overheating is the use of bias voltages much less than el(C1+Cz) (tuning the background charge q. close to e/2). This reduces also the cotunneling processes and can lead to considerable improvement of the charge sensitivity9 of the SET.
